we push  R / c of cyclotron resonances ultrastrongly coupled to metamaterials far beyond unity. As one prominent illustration of the unfolding possibilities, we calculate a ground state population of 0.37 virtual photons for our best structure with  R / c = 1.43, and suggest a realistic experimental scenario for measuring vacuum radiation by cutting-edge terahertz quantum detection [21, 22] .
In the strong coupling regime of quantum electrodynamics (QED), where the vacuum Rabi frequency  R exceeds the dissipation rates of the electronic excitation and the resonator, new eigenmodes called cavity polaritons emerge. This universal principle is found in a large variety of systems, ranging from atoms [1] to excitons in semiconductors [2, 3] , molecules [4] , mid-IR plasmonic structures [5] [6] [7] [8] [9] , circuit QED systems at GHz frequencies [10] [11] [12] , and structures in the THz spectral range [13] [14] [15] .
In ultrastrongly coupled structures,  R becomes comparable to the resonance frequency  c itself, the rotating-wave approximation of light-matter interaction falters, and anti-resonant coupling terms describing the simultaneous creation of correlated light and matter excitations become relevant [16, 19, 20] . Most prominently, the ground state is theorized to be a modified squeezed quantum vacuum with a finite population of correlated virtual photon pairs [16, 20] . For sufficiently large values of the relative coupling strength  R / c , sub-cycle switching of  R [6, 9] may release these photons [16, 20, 23] in analogy to Unruh-Hawking radiation emerging at the event horizon of black holes [24] . These spectacular perspectives have fuelled the quest of the QED community for ever greater relative coupling strengths, ultimately aiming for  R / c beyond unity.
The key strategy for boosting  R / c comprises increasing the dipole moment of the electronic transition, decreasing the resonator mode volume and  c , or enhancing the overlap of the photonic mode and the electronic polarization field. Following these considerations, the regime of ultrastrong coupling was first established using intersubband transitions of quantum wells (QWs) coupled to mid-infrared or THz waveguides [5] [6] [7] 9] or plasmonic dot cavities [8, 13] , achieving values on the order of  R / c 0.25 [13] . Circuit QED systems followed up shortly [10] , with current values of up to  R / c = 1.34 [11, 12] . In comparison, in the optical regime, the giant dipole moment of cyclotron resonances (CR) coupled to planar metamaterials has enabled a milestone value of  R / c = 0.87 [14, 15] , highlighting key advantages of the CR for QED [25, 26] such as the tunability by the magnetic bias and control of the oscillator strength by the Landau level filling factor.
Here, we report an unprecedentedly large relative coupling strength of  R / c = 1.43 in planar THz metamaterials ultrastrongly coupled to CRs. In particular, we tailor the vacuum mode of the structure by both, the metamaterial and the electronic excitation. In conventional design approaches, where the electronic and photonic components are typically treated separately, the electronic resonance is placed in a maximum of the light field calculated for the empty resonator.
For  R / c exceeding unity, however, the electronic resonance strongly influences the light field, requiring a joint treatment of both components [19] . We have thus developed a parameter-free model of light-matter coupling which renders the electric field distribution on extremely subwavelength scales, enables predictive design of nanoscale QED structures, and an unambiguous identification of polariton modes. Exceeding unity relative coupling strength in the optical regime, for the first time, our structures enter uncharted terrain of non-perturbative light-matter dynamics, bringing theoretically discussed quantum phenomena expected for  R / c > 1 within experimental reach [16] [17] [18] [19] [20] . In particular, we give a quantitative experimental scenario for the most spectacular prediction, the detection of optical quantum vacuum radiation.
We employ high quality quantum wells hosting two-dimensional electron gases which are Landauquantized by an external magnetic field of up to 5 T. The emerging CR with a frequency of , freely tunable by B, where is the elementary charge and is the effective mass, is coupled to the near-field of metamaterials processed on top of the structures. The transmission spectrum is measured using THz time-domain magneto-spectroscopy ( Fig. 1a and Methods).
Structural and optical parameters are summarized in Table 1 .
We first investigate a conceptually straightforward structure consisting of a single QW with a doping density of  = 3.0 × 10 11 cm -2 , located at a depth z 0 = 500 nm below the surface, and a double-gap metamaterial with a resonance frequency of 0.82 THz (Fig. 1a and Supplementary Information). The transmission spectra as a function of show the lower polariton (LP) which Fig. 1a ). These modifications are accompanied by significantly more complex transmission spectra (Fig. 2a) which exhibit multiple resonances, requiring a strategy to unambiguously identify the polariton modes.
Our theory matches the experimental data accurately (Fig. 2b ), enabling this identification by two independent methods: First, we calculate the frequency evolution of each mode as a function of  and verify that LP and UP merge into the metamaterial resonance for , without any discontinuities. Second, we compare the spatial shapes of the polariton and metamaterial modes. Analyzing the full spatial electric field distribution of the coupled system for this structure demonstrates that a separate treatment of resonator and electronic transition cannot accurately describe the system: The envelope function of the LP mode in z-direction (Fig. 2c, blue curve) significantly deviates from the mode of the bare resonator (black curve). In particular, the dense charge carrier plasma of the QWs (blue-shaded area) acts similarly to a mirror, leading to a localization of the electric field amplitude between the metamaterial and the QWs (magnified area), and an exponential decay inside the stack. This strong mutual interplay of the electronic transition and the resonator mode opens up new perspectives to control the shape of the vacuum mode by tailoring the electronic excitation. A particularly exciting option is to significantly increase the coupling strength by minimizing the mode volume not only by the design of the resonator, but by tuning the entire coupled system, including the heterostructure. The effectiveness of this approach is confirmed numerically in the more compact QW stack of structure 3 with the same metamaterial, where the localization of the mode is drastically enhanced, leading to an increased field amplitude inside the QW stack (Fig. 2d, red curve) . Structure 3 is realized by reducing d  to 15 nm and d QW to 10 nm in a 6-fold QW stack, corresponding to a 14-fold reduction of the QW stack extension (Table 1) while is reduced by just 20% compared to structure 2 (see Supplementary Information). The spectra ( Following this promising route of shaping the vacuum mode by the 2DEG, we push the limits of expitaxial heterostructure growth in a series of three 6-fold QW structures. We improve the mirror- Fig. 3b ).
Intriguingly, light-matter coupling in these structures is strong enough to push a second-order lower polariton branch labelled LP2, resulting from strongly off-resonant coupling of the CR to a higher mode of the metamaterial (see Supplementary Information) , into the spectral range of the fundamental LP and UP. Structures 5 and 6 exhibit qualitatively identical spectra (Figs. 3c,d ) wellreproduced by our theory (Fig. 3e ). Yet, the LP and UP resonances are pushed even further apart (Fig. 3f, top) , where and represent the annihilation operators for photon and matter excitations in mode , respectively [16] . The latter term is linked to the virtual photon population of the ground state [16, 20] , and is proportional to the diamagnetic interaction strength which scales quadratically with , on resonance.
For structure 6, even exceeds the vacuum Rabi frequency ,
i.e., anti-resonant exchange dominates over vacuum Rabi interactions (Fig. 3f) Our approach introduces a paradigm change for the design of ultrastrongly coupled optical systems, opening up the uncharted terrain of coupling strengths beyond unity by treating the electronic and the photonic components of the system as a single entity. Our theory accounts for the complex interplay of the electronic polarization and the near-field distribution on sub-wavelength scales, enabling us to exploit the electronic excitation not only to boost the oscillator strength, but also to efficiently control the shape of the vacuum mode. Combining a predictive theory with advanced heterostructure growth provides a novel platform for the design of next-generation nanoscale QED systems. With up to , our structures are a key step towards experimental quantum vacuum photonics, enabling the exploration of exotic quantum effects including a reversal of the Purcell effect, quantum vacuum phase transitions, and quantum vacuum radiation.
Methods

Nanofabrication:
Our semiconductor heterostructures were grown by molecular beam epitaxy on undoped (100)-oriented GaAs substrates which were prepared by growing an epitaxial GaAs layer of a thickness of 50 nm followed by an Al 0.3 Ga 0.7 As/GaAs superlattice to obtain a defect-free, atomically flat surface.
The GaAs quantum well (QW) stacks were embedded in Al 0.3 Ga 0.7 As barriers with a total extension from a depth z 0 to z 1 below the sample surface. Si -doping layers were placed symmetrically around the individual QWs at a distance d  (Fig. 1a) , enabling control of the carrier density  of the two-dimensional electron gases (2DEGs) which is given as a density per QW throughout the manuscript, and of the electron mobility  relevant for the Q-factor of the CR. The QW stacks were capped by a few-nm-thick GaAs layer for protection against oxidation. In order to tailor the electronic structure, the band profiles in growth direction were simulated using a Schrödinger-Poisson-formalism.
Metamaterial resonators forming the optical cavity were fabricated on the surface of the semiconductor structures by electron beam lithography of Polymethylmethacrylat (PMMA) resist followed by thermal vapour-phase deposition of 5 nm of Ti, improving adhesion of the subsequently deposited 150-nm-thick Au layer.
Characterization:
Van der Pauw magneto-transport measurements of the two-dimensional electron gases were performed at a temperature of 4.2 K in a magnet cryostat in order to determine the electron mobilities and charge carrier densities of the two-dimensional electron gases. The effective electron masses of 0.070 (structure 1), 0.073 (structure 2), 0.080 (structures [3] [4] [5] [6] were determined by terahertz cyclotron resonance spectroscopy.
Terahertz magnetospectroscopy:
Linearly polarized single-cycle terahertz pulses were generated in a ZnTe crystal by optical rectification of 35-fs pulses at a centre wavelength of 800 nm derived from a Ti:sapphire amplifier laser system. The pulses were normally incident on the sample structures which were cooled to 8 K in a magnet cryostat, and biased by a magnetic field of up to 5 T oriented perpendicularly to the sample surface. The transmitted pulses were electro-optically sampled in a second ZnTe crystal using 35-fs gate pulses from the amplifier.
Numerical analysis:
We numerically calculate the complex field distribution and transmission spectra of our nanostructures by a classical electrodynamical theory using finite-difference frequency-domain methods. For the metamaterial, we chose a dielectric constant of = 10 5 +10 5 i leading to a close to perfect metallic behaviour, while the undoped dielectric components were modelled using = 12.9. The CR of the Landau-quantized two-dimensional electron gas leads to a gyrotropic response which we implemented by introducing a dielectric tensor of a plasma of charge carriers magnetically biased along the z-direction [31] , , where the components and describe the two-dimensional polarization response of the CR in the plane perpendicular to the magnetic field.
The oscillator strength is given by the plasma frequency , and the scattering rate is chosen such that the experimentally determined linewidth is reproduced. Along the z-direction, the confinement of the QWs inhibits a plasma response such that we employ the background dielectric constant for GaAs, . The large span of geometrical scales in our system, ranging from the vacuum wavelength of the incident radiation exceeding 1 mm down to the thickness of the QWs on the order of 10 nm, implies a significant numerical complexity. In order to enhance numerical convergence, we thus apply a homogeneous dielectric function for the QW stack including the barrier material, with a uniform charge carrier density equivalent to the measured total electron sheet density of all quantum wells combined.
We numerically solve Maxwell's equations including linear light-matter interaction terms in the Hamiltonian, i.e., using the dipole approximation. Periodic boundary conditions are chosen to reflect the array character of our structure. We relate the calculated near-field profile to the far-field transmission using the formalism of Stratton and Chu [32] :
, where is the wavenumber, is the unit vector pointing in the far-field direction, is the normal vector of the surface, is the local dielectric constant, and and are the electric and magnetic near-field components, respectively. The integration is performed across the surface of the simulation volume enclosing the resonators, as a function of THz frequency , and cyclotron frequency .
